Introduction
The glomerulus is the basic filtering unit of the kidney. Its sieving action is made possible by highly specialized cells, termed podocytes, that reside within it. Arising from the metanephric mesenchyme during organogenesis, podocytes are highly differentiated epithelial cells that wrap their interlocking pedicels around the glomerular capillaries. When podocytes lose their differentiated architecture, plasma proteins are wasted in the urine. Podocyte damage is a common feature of many glomerular diseases that are collectively responsible for over three-quarters of all cases of chronic kidney disease (CKD) in the US (1) . For instance, podocyte dysfunction underlies the development of focal segmental glomerulosclerosis (FSGS), the most common cause of idiopathic nephrotic syndrome (2) , and it also contributes to the development of diabetic nephropathy, the most common cause of kidney failure across the globe (3) .
The differentiated fate of each new cell is determined and maintained by chromatin modifications (4) . Trimethylation of lysine residue 27 on histone protein H3 (H3K27me3), for example, represses the expression of nearby genes that encode proteins typically associated with alternative cellular lineages (5) . Gain of the H3K27me3 mark is catalyzed by the histone methyltransferase enzyme, enhancer of zeste homolog 2 (EZH2), the catalytic subunit of polycomb repressive complex 2 (PRC2) (6) , and was once considered to be a stable and irreversible process (7) . However, within the past decade, the discovery of histone lysine-specific demethylating enzymes has challenged this dogma (7) . In the case of H3K27me3, the histone mark can be erased by 2 demethylases belonging to the Jumonji C (JmjC) domain-containing family: ubiquitously transcribed tetratricopeptide repeat on chromosome X (UTX, also called lysine-specific demethylase 6A [KDM6A]) and Jumonji D3 (Jmjd3, also called KDM6B) (8) (9) (10) (11) . The JmjC domaincontaining proteins are the most recently discovered and largest class of histone demethylases. They catalyze histone lysine demethylation through Fe(II)-and α-ketoglutarate-dependent hydroxylation or dioxygenase reactions (12) . UTX and Jmjd3 share 84% sequence similarity in their JmjC catalytic domains (13) , and both enzymes possess a zinc-binding domain that provides specificity for H3K27 over other methylated histone lysine residues (14, 15) . We recently discovered that systemic EZH2 inhibition accelerates kidney injury in diabetes (16) . However, except in the cancer setting, the actions of JmjC demethylases in the kidney have not previously been described.
In dedifferentiated cancer cells, reexpression of histonemodifying enzymes is often associated with reversion to an earlier developmental stage (17) . Like cancer, podocyte damage in Histone protein modifications control fate determination during normal development and dedifferentiation during disease. Here, we set out to determine the extent to which dynamic changes to histones affect the differentiated phenotype of ordinarily quiescent adult glomerular podocytes. To do this, we examined the consequences of shifting the balance of the repressive histone H3 lysine 27 trimethylation (H3K27me3) mark in podocytes. Adriamycin nephrotoxicity and subtotal nephrectomy (SNx) studies indicated that deletion of the histone methylating enzyme EZH2 from podocytes decreased H3K27me3 levels and sensitized mice to glomerular disease. H3K27me3 was enriched at the promoter region of the Notch ligand Jag1 in podocytes, and derepression of Jag1 by EZH2 inhibition or knockdown facilitated podocyte dedifferentiation. Conversely, inhibition of the Jumonji C domain-containing demethylases Jmjd3 and UTX increased the H3K27me3 content of podocytes and attenuated glomerular disease in adriamycin nephrotoxicity, SNx, and diabetes. Podocytes in glomeruli from humans with focal segmental glomerulosclerosis or diabetic nephropathy exhibited diminished H3K27me3 and heightened UTX content. Analogous to human disease, inhibition of Jmjd3 and UTX abated nephropathy progression in mice with established glomerular injury and reduced H3K27me3 levels. Together, these findings indicate that ostensibly stable chromatin modifications can be dynamically regulated in quiescent cells and that epigenetic reprogramming can improve outcomes in glomerular disease by repressing the reactivation of developmental pathways.
Shifts in podocyte histone H3K27me3 regulate mouse and human glomerular disease reduction in podocyte H3K27me3 content, glomerular structure and podocyte ultrastructure appeared unaffected in EZH2 podKO mice under normal conditions ( Figure 1E ).
To determine whether the diminution in podocyte H3K27me3 content would sensitize EZH2 podKO mice to glomerular disease, we exposed the mice to the podocyte toxin adriamycin, which is commonly used to mimic FSGS-like glomerular injury (21) . Consistent with their predominant adriamycin-resistant C57BL/6-strain background (22, 23) , we found that albuminuria was unaffected by adriamycin in EZH2 Ctrl mice ( Figure 1F ), whereas it was increased in EZH2 podKO mice after adriamycin injection ( Figure 1F ). Likewise, both glomerular expression of the mesenchymal marker α-smooth muscle actin (α-SMA) ( Figure 1G ) and mesangial matrix accumulation (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/JCI95946DS1) were increased in adriamycin-exposed EZH2 podKO mice, whereas they were unaltered in adriamycin-exposed EZH2 Ctrl mice and in untreated EZH2 podKO mice ( Figure 1G and Supplemental Figure  1 ). Because reactivation of the Notch pathway has been linked to podocyte dedifferentiation during the development of glomerular disease (24, 25) , we probed for glomerular Notch pathway activity. In so doing, we observed that podocytes of adriamycin-injected EZH2 podKO mice exhibited heightened levels of N1-ICD ( Figure  1H and Supplemental Figure 2A ), the active truncated form of the receptor Notch1, which is generated following juxtacrine ligandinitiated receptor cleavage, as well as increased expression of the Notch target gene Hes-related repressor protein 1 (Hey1) (Supplemental Figure 2B ). In contrast, we found that podocyte density (transmission electron microscopy) and numbers (WT1 immunostaining) were unaffected in adriamycin-injected EZH2 podKO mice (Supplemental Figure 3 , A and B). We were unable to detect podocyte apoptosis in these mice by immunofluorescence microscopy for caspase-3 cleavage or by transmission electron microscopy, whereas glomerular cell TUNEL staining was unaltered across the study groups (Supplemental Figure 3 , C and D). To determine whether the susceptibility of EZH2 podKO mice to glomerular disease was specific for adriamycin toxicity, we subjected mice to resection of approximately five-sixths of the kidney mass (subtotal nephrectomy [SNx] ), a surgical model of FSGS-like disease (26) . After 6 weeks, albuminuria tended to be higher in SNxoperated EZH2
Ctrl mice than in their sham-operated counterparts, whereas it was increased by approximately 4-fold in SNx-operated EZH2 podKO mice (Supplemental Figure 4A ) and accompanied by heightened podocyte N1-ICD levels (Supplemental Figure 4B) .
Loss of H3K27me3 upregulates Jagged-1 in podocytes and promotes podocyte dedifferentiation. To determine how loss of the H3K27me3 mark from podocytes activates the Notch pathway, we exposed cultured, immortalized mouse podocytes to the inhibitor of EZH2 enzymatic activity EPZ-6438 (IC 50 of 9 nM for EZH2 vs. 392 nM for EZH1 and >50,000 nM for 14 other histone methyltransferases; ref. 27) . Before doing this, we administered EPZ-6438 to adriamycin-sensitive BALB/c mice and observed an increase in albuminuria with the EZH2 inhibitor following adriamycin injection (Supplemental Figure 5) , which paralleled the increase in albuminuria we had seen in adriamycin-treated EZH2 podKO mice ( Figure 1F ). In cultured mouse podocytes, EZH2 inhibition with EPZ-6438 led to a decrease in H3K27me3 levels glomerular disease is also associated with the reactivation of developmental pathways (18) . However, unlike cancer cells, podocytes are postmitotic. As such, their dedifferentiation provides a useful means to gauge the extent to which dynamic shifts may occur in apparently stable epigenetic marks in apparently quiescent cells. On this background, we hypothesized that alterations in H3K27me3 levels affect the reactivation of developmental pathways in podocytes and that this in turn alters the natural history of glomerular disease.
Results
Genetic removal of EZH2 from podocytes decreases H3K27me3 levels and sensitizes mice to glomerular disease. In an initial histochemical survey, we observed high levels of both H3K27me3 and the H3K27 trimethylating enzyme EZH2 in podocytes from mouse kidneys ( Figure 1A ). We wondered whether removing EZH2 from podocytes would diminish H3K27me3 levels and whether this would have any effect on the development of glomerular disease. Accordingly, we generated mice with podocyte-specific knockout of EZH2. To do this, we mated podocin-Cre + mice that express Cre recombinase in podocytes under the control of the human podocin NPHS2 promoter (19) with Ezh2 fl/fl mice that were generated by the introduction of LoxP sites into the Ezh2 locus flanking exons [16] [17] [18] [19] , which encode the essential SET domain of the protein (20 Figure 1B ) and by immunoblotting primary cultured podocytes ( Figure 1C ) and was accompanied by an approximately 50% reduction in podocyte H3K27me3 content ( Figure 1D ). Despite this Ctrl (n = 3) and EZH2 podKO (n = 3) mice. (E) PASstained kidney sections (original magnification, ×400) and transmission electron micrographs from EZH2 Ctrl (n = 3) and EZH2 podKO (n = 3) mice under basal conditions. Scale bars: 2 μm. (F) Urine albumin/creatinine ratio 10 days after injection of adriamycin into EZH2 Ctrl (vehicle, n = 6; adriamycin, n = 5) and EZH2 podKO (vehicle, n = 8; adriamycin, n = 11) mice. (G) Immunostaining for α-SMA in EZH2
Ctrl (vehicle, n = 3; adriamycin, n = 4) and EZH2 podKO (vehicle, n = 7; adriamycin, n = 8) mice 10 days after adriamycin injection. Original magnification, ×400. Black arrows label α-SMA immunoreactivity in glomerular cells of the adriamycin-injected EZH2 the increase in intracellular N1-ICD levels ( Figure 3D ) and the increase in α-SMA ( Figure 3E ) and the decrease in podocin (Figure 3F ) mRNA levels. Cognizant of a recent report indicating that GSK-J4 may also affect the activity of the H3K4 demethylases Jarid1B/C (32), we immunoblotted podocyte lysates for H3K4me1 and H3K4me3 and observed no change in these chromatin marks with GSK-J4 treatment (Supplemental Figure 7, A and B) . Furthermore, when we knocked down Jmjd3 and UTX with siRNA (Supplemental Figure 7 , C and D), we observed a reduction in podocyte Jagged-1 levels (Supplemental Figure 7E ) similar to that seen with GSK-J4 treatment ( Figure 3C ). Next, to determine whether increasing H3K27me3 levels with Jmjd3 and UTX inhibition attenuates glomerular disease, we treated adriamycin-injected BALB/c mice with GSK-J4. Initial experiments in normal BALB/c mice revealed that administration of GSK-J4 at a dose of 10 mg/kg by thrice-weekly i.p. injections led to an increase of approximately 4-fold in renal H3K27me3 content ( Figure 3G ), with an increase in podocyte H3K27me3 levels detected by dual immunofluorescence microscopy ( Figure 3H ). Moreover, GSK-J4 treatment markedly attenuated the rise in albuminuria with adriamycin treatment ( Figure 3I ) and limited both glomerular Jagged-1 upregulation and loss of the podocyte protein nephrin (Supplemental Figure 8) .
Inhibition of Jmjd3 and UTX attenuates the development of kidney disease in diabetic mice. Given the renoprotective effect of Jmjd3 and UTX inhibition in adriamycin-injected mice and cognizant that the most common cause of kidney failure is diabetes, we next queried whether GSK-J4 treatment may attenuate the development of glomerular injury in diabetic mice. To address this question, we elected to study db/db mice (an obese model of type 2 diabetes) and their nondiabetic, nonobese db/m counterparts. Diabetes was confirmed in db/db mice at 8 weeks of age, and the animals were then randomized to receive GSK-J4 or vehicle by thrice-weekly i.p. injection for a further 10 weeks. We found that body weight ( Figure  4A ) and kidney weight ( Figure 4B ) were both increased in db/db mice in comparison with db/m mice and that neither parameter was affected by GSK-J4 treatment. Blood glucose levels were marginally increased with GSK-J4 in db/m mice and marginally decreased with GSK-J4 in db/db mice ( Figure 4C ). However, glycated hemoglobin levels were unchanged in db/m mice and unexpectedly slightly increased with GSK-J4 in db/db mice ( Figure 4D ). Despite these subtle changes in dysglycemia, we found that GSK-J4 had no effect on urine flow in db/db mice ( Figure 4E ), although both albuminuria ( Figure 4F ) and the accumulation of matrix within the glomerular mesangium (Supplemental Figure 9A) were diminished with GSK-J4. Similarly, podocyte foot process effacement ( Figure 4G ) and glomerular α-SMA (Supplemental Figure 9B ) and Jagged-1 ( Figure 4H ) upregulation in db/db mice were each attenuated with GSK-J4 treatment. We probed for podocyte loss and podocyte programmed cell death using several complementary approaches, as we had done in adriamycin-exposed EZH2 podKO mice. Both podocyte density, determined by transmission electron microscopy (Supplemental Figure 10A) , and podocyte numbers, determined by WT1 immunostaining (Supplemental Figure 10B ), were reduced in db/db mice in comparison with db/m mice. However, neither parameter was affected by GSK-J4 treatment (Supplemental Figure 10 , A and B). In these experiments and at the time point studied (age 18 weeks), glomerular TUNEL staining was (Figure 2A ) that was also accompanied by (a) increased cellular content of N1-ICD ( Figure 2B ); (b) increased nuclear N1-ICD levels ( Figure 2C) ; and (c) increased expression of the Notch target gene Hey1 ( Figure 2D ). To determine whether EZH2 inhibition with EPZ-6438 affects podocyte dedifferentiation in a Notchdependent manner, we treated podocytes with either the γ secretase inhibitor N-[N- (3,5-difluorophenacetyl) -l-alanyl]-S-phenylglycine t-butyl ester (DAPT), which blocks Notch receptor cleavage at the cell surface (28), or with sequence-specific siRNA targeting the Notch receptor Notch1 ( Figure 2E ). We found that treatment with EPZ-6438 altered the expression of markers of podocyte dedifferentiation, which was reflected by increased expression of the mesenchymal marker α-SMA ( Figure 2F ) and decreased expression of the podocyte differentiation marker podocin ( Figure  2G ), whereas either DAPT or Notch1 siRNA negated these effects (Figure 2 , F and G). Similarly, treatment of EZH2 podKO mice with DAPT abolished adriamycin-induced albuminuria ( Figure 2H ).
Next, we questioned how H3K27me3 normally restrains Notch pathway activity. We recognized the previously described association of the Notch receptors Notch1 and Notch2 and the Notch ligand Jagged-1 with proteinuric nephropathy in patients (29) , and we performed an initial screen for mRNA changes in these candidates in EPZ-6438-exposed podocytes. With this approach, we observed an approximate doubling of mRNA levels of the Notch ligand Jagged-1 with H3K27me3 depletion ( Figure  2I ), whereas Notch1 and Notch2 mRNA levels were unaltered (fold change with EPZ-6438: Notch1, 0.9 ± 0.1; Notch2, 1.0 ± 0.1). To determine whether H3K27me3 is associated with the Jagged-1 (Jag1) promoter, we performed ChIP and detected a more than 80-fold enrichment of H3K27me3 at the Jag1 promoter ( Figure  2J ). We observed an increase in Jagged-1 protein levels in EPZ-6438-treated cultured podocytes ( Figure 2K ) and in podocytes of EPZ-6438-treated mice ( Figure 2L ). Finally, we found that decreasing EZH2 levels with shRNA (Supplemental Figure 6A ) had effects similar to those of EZH2 inhibition with EPZ-6438, causing a decrease in podocyte H3K27me3 levels (Supplemental Figure 6B ) that was accompanied by increased Notch pathway activation (increased Jagged-1 [Supplemental Figure 6C ] and N1-ICD [Supplemental Figure 6D] ) and podocyte dedifferentiation (increased α-SMA [Supplemental Figure 6E ] and decreased podocin [Supplemental Figure 6F ] mRNA levels).
Inhibition of the JmjC domain-containing proteins Jmjd3 and UTX increases podocyte H3K27me3 content and restrains Notch pathway activity.
Having found that decreasing podocyte H3K27me3 levels promotes podocyte dedifferentiation and glomerular disease, we wondered whether increasing H3K27me3 levels would prevent podocyte dedifferentiation and glomerular disease. To explore this possibility, we took advantage of a recently developed selective inhibitor of Jmjd3 and UTX, GSK-J4 (the cell-permeable prodrug of GSK-J1, with an IC 50 of 60 nM in a cell-free assay; ref. 30 ), which we found to cause a more than 3-fold increase in mouse podocyte H3K27me3 content ( Figure 3A) . Coincident with the increase in H3K27me3 levels in cultured podocytes, both Jagged-1 mRNA ( Figure 3B ) and Jagged-1 protein ( Figure 3C ) levels were reduced with GSK-J4 treatment. Correspondingly, when we exposed podocytes to the inducer of dedifferentiation TGF-β1 (31), we found that pretreatment with GSK-J4 prevented both jci.org Volume 128 Number 1 January 2018 unaltered between the groups (Supplemental Figure 10C ), and we were unable to detect evidence of apoptosis specifically within glomerular podocytes, either by transmission electron microscopy or by immunofluorescence microscopy to detect cleaved caspase-3 (Supplemental Figure 10D ).
Podocyte H3K27me3 is diminished and UTX expression is increased in human glomerular disease.
In our next series of experiments, we set out to determine whether H3K27me3, EZH2, Jmjd3, and/or UTX are altered in their distribution or expression in human glomerular disease. We examined 2 sets of archival kidney (B and C) Effect of GSK-J4 on podocyte Jagged-1 mRNA (n = 3) (B) and protein (n = 5) (C) levels. (D) N1-ICD levels in mouse podocytes exposed to recombinant TGF-β1 (10 ng/ml for 48 hours) in the presence or absence of GSK-J4 (5 μM) (n = 3). (E and F) α-SMA (E) (n = 6) and podocin (F) (n = 6) mRNA levels in podocytes exposed to TGF-β1, with or without GSK-J4. (G) Immunoblotting for H3K27me3 in kidney homogenates of mice treated with GSK-J4 (10 mg/kg thrice weekly i.p. for 10 days) (n = 3). (H) Immunofluorescence to detect the podocyte marker nephrin and H3K27me3 in glomeruli from mice treated with vehicle or GSK-J4 for 10 days, showing increased nuclear H3K27me3 levels in nephrin-positive glomerular cells (n = 3). DAPI staining is shown in blue. Original magnification, ×630. (I) Urine albumin/creatinine ratio in BALB/c mice injected with adriamycin or vehicle and treated with GSK-J4 10 mg/kg thrice weekly i.p. or vehicle for 10 days (control plus vehicle, n = 6; control plus GSK-J4, n = 6; adriamycin plus vehicle, n = 6; adriamycin plus GSK-J4, n = 6). Values represent the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by 2-tailed Student's t test (A-C and G) and 1-way ANOVA followed by Fisher's LSD post-hoc test (D-F and I). jci.org
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tissue: (a) tissue from individuals with histopathologically confirmed diabetic glomerulosclerosis, which was compared with tissue from individuals without diabetes or glomerular disease (each obtained at the time of tumor nephrectomy) (Supplemental Table   1 ); and (b) biopsy tissue obtained from patients with FSGS that was compared with implantation biopsy tissue taken at the time of living donor kidney transplantation (Supplemental Table 2 and Figure 5) . Like in normal mice glomeruli, we found that many glomer- thrice weekly for 10 weeks (db/m plus vehicle, n = 12; db/m plus GSK-J4, n = 11; db/db plus vehicle, n = 10; db/db plus GSK-J4, n = 9). (G) Transmission electron micrographs and podocyte foot process widths for db/m and db/db mice treated with vehicle or GSK-J4 (db/m plus vehicle, n = 4; db/m plus GSK-J4, n = 4; db/db plus vehicle, n = 4; db/db plus GSK-J4, n = 4). Arrows mark areas of foot process widening in the glomerulus of the vehicle-treated db/db mouse. Scale bars: 2 μm. (H) Immunofluorescence to detect the podocyte marker nephrin and Jagged-1 in glomeruli from db/m and db/db mice treated with vehicle or GSK-J4 (db/m plus vehicle, n = 12; db/m plus GSK-J4, n = 11; db/db plus vehicle, n = 9; db/db plus GSK-J4, n = 9). DAPI staining is shown in blue. Original magnification, ×630. Values represent the mean ± SEM. *P < 0.05, **P < 0.01, and ****P < 0.0001, by 1-way ANOVA followed by Fisher's LSD post-hoc test. jci.org Volume 128 Number 1 January 2018
ry, Jagged-1 upregulation, and nephrin loss, whereas glomerular cell and tubule cell H3K27me3 content also appeared diminished ( Figure 5 , A and C). Likewise, there was an overall reduction in nuclear H3K27me3 levels in kidney sections from individuals with ular nuclei immunostained positively for H3K27me3 in normal human kidney sections ( Figure 5A ). In kidney sections from individuals with diabetic glomerulosclerosis, there was a progressive loss of podocyte H3K27me3 that coincided with glomerular inju- Immunofluorescence to detect H3K27me3, the podocyte marker nephrin, and Jagged-1 in human kidney tissue (control nephrectomy, n = 12; diabetic nephropathy nephrectomy, n = 12; control biopsy, n = 9; FSGS biopsy, n = 10). In normal kidneys, H3K27me3 was present in the nuclei of numerous glomerular cells (and tubule epithelial cells), including nephrin-positive cells (podocytes, indicated by thick white arrows). In glomerular disease (diabetic nephropathy or FSGS), there was loss of H3K27me3, including from podocytes (thin white arrows), especially in more severely scarred glomeruli, that coincided with Jagged-1 expression and nephrin downregulation. The zoomed image is an enlargement of the outlined area. DAPI staining is shown in gray. (B) Immunofluorescence images for EZH2, Jmjd3 (control nephrectomy, n = 6; diabetic nephropathy nephrectomy, n = 6; control biopsy, n = 6; FSGS biopsy, n = 6) or UTX (control nephrectomy, n = 5, diabetic nephropathy nephrectomy, n = 5; control biopsy, n = 8; FSGS biopsy, n = 8) and nephrin in normal human glomeruli and in glomeruli from individuals with diabetic nephropathy or FSGS. Despite elevated podocyte H3K27me3 levels, EZH2 was absent from podocyte nuclei in control glomeruli (arrowheads) and glomeruli from patients with diabetic nephropathy or FSGS. In contrast, Jmjd3 was expressed by many glomerular cells, including podocytes (gray arrows), and its expression was unaltered in glomerular disease. UTX was also expressed in normal human podocytes, and its expression was significantly increased in podocytes from individuals with diabetic nephropathy or FSGS. The zoomed images are an enlargement of the outlined areas. DAPI staining is shown in blue. Original magnification, ×200. (C-E) Quantification of podocyte H3K27me3 (C), Jmjd3 (D), and UTX (E) levels. Because UTX is considered to escape X chromosome inactivation, the podocyte UTX levels in females are highlighted in red. Values represent the mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.01, by 2-tailed Student's t test. Bx, biopsy; Nx, nephrectomy. jci.org Volume 128 Number 1 January 2018 increased in both diabetic glomeruli and the glomeruli of individuals with FSGS ( Figure 5 , B and E).
H3K27me3 regulates Jagged-1 expression and podocyte dedifferentiation in human podocytes. Having observed increased UTX expression, loss of H3K27me3, and increased Jagged-1 expression in the podocytes of individuals with glomerular disease, we queried whether UTX is causatively implicated in Jagged-1 upregulation. Accordingly, we transfected differentiated human podocytes (33) with a plasmid encoding HA-tagged human UTX ( Figure 6A ) and found that this led to a decrease in H3K27 trimethylation ( Figure 6B ) and an upregulation in Jagged-1 expression ( Figure 6C ), analogous to the human disease state. We then transfected human podocytes with FLAG-tagged human Jagged-1 ( Figure 6D ) and found that Jagged-1 overexpression partially blocked the actions of GSK-J4 in preventing TGF-β1-FSGS ( Figure 5A ), including a reduction in podocyte H3K27me3 levels ( Figure 5C ). Interestingly however, and unlike in mice glomeruli, despite abundant H3K27me3 levels in the podocytes of human glomeruli, EZH2 immunoreactivity was uncommon in human glomerular cells ( Figure 5B ). Despite the absence of EZH2 and the continued presence of H3K27me3, both Jmjd3 and UTX were expressed by human glomerular cells, including glomerular podocytes ( Figure 5B) . However, the expression patterns of the 2 demethylases varied with the presence of glomerular disease. Podocyte Jmjd3 immunoreactivity was abundant in control glomeruli and in glomeruli from patients with diabetic nephropathy or FSGS, with no difference in podocyte Jmjd3 expression between tissue phenotypes ( Figure 5, B and D) . In contrast, whereas low levels of UTX protein were detectable in podocyte nuclei from control tissue, podocyte nuclear UTX content was significantly , and Wnt11 in human podocytes treated with TGF-β1 (10 ng/ml) in the presence or absence of GSK-J4 (5 μM) for 48 hours (n = 5). Values represent the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by 2-tailed Student's t test (B and C) and 1-way ANOVA followed by Fisher's LSD post-hoc test (E and G-I). jci.org
Inhibition of Jmjd3 and UTX in mice with established glomerular disease analogous to human disease prevents nephropathy progression. Finally, we set out to determine what the effects of Jmjd3 and UTX inhibition would be in mice with preexisting glomerular injury and decreased H3K27me3 levels, analogous to the human disease setting. Incubation of cultured mouse podocytes with adriamycin caused a reduction of approximately 50% in podocyte EZH2 levels ( Figure 7A ), whereas podocyte EZH2 levels were also diminished in BALB/c mice 4 days after injection with adriamycin ( Figure 7B ). Correspondingly, injection of BALB/c mice with adriamycin caused a progressive loss of podocyte H3K27me3 content over 12 days (Figure 7 , C and D) that coincided with the progressive development of albuminuria ( Figure 7E ). We treated mice with GSK-J4, beginning 4 days after adriamycin injection, when podocyte EZH2 and H3K27me3 levels were already reduced and albuminuria was already established, thereby preventing both induced α-SMA upregulation ( Figure 6E ). Next, recognizing that Jagged-1 is unlikely to be the only Notch pathway member (or mediator of renal disease) that is regulated by H3K27me3 and recognizing that Jagged-1 overexpression attenuated but did not abrogate the effects of TGF-β1, we probed for additional candidates using an RT 2 Profiler PCR Array of 84 Notch pathwayrelated genes (Supplemental Table 3 ). We identified 9 Notch pathway-related genes (including JAG1) to be upregulated by TGF-β1 in human podocytes, but not in human podocytes treated with GSK-J4 (CCND1, CTNNB1, GSK3B, HES1, JAG1, NFKB2, RUNX1, SNW1, and WNT11) ( Figure 6F ). We performed confirmatory reverse transcription quantitative PCR (RT-qPCR) of the 3 genes that were increased by more than 2-fold (JAG1 and the Notch target genes HES1 and WNT11), and in each case, GSK-J4 treatment negated the rise in mRNA levels induced by treatment with TGF-β1 ( Figure 6, G-I) . H3K27me3 content (control, n = 4; adriamycin day 4, n = 4; adriamycin day 12, n = 4; adriamycin plus GSK-J4, n = 4). (E) Urine albumin/creatinine ratio in BALB/c mice injected with adriamycin and treated with GSK-J4 (10 mg/kg) i.p. thrice weekly or with vehicle for 8 days, beginning 4 days after adriamycin injection (vehicle, n = 6; GSK-J4, n = 7). Arrows indicate GSK-J4 injections. Values represent the mean ± SEM. *P < 0.05, **P < 0.01, and ****P < 0.0001, by 2-tailed Student's t test (A, B, and E) and 1-way ANOVA followed by Fisher's LSD post-hoc test (D). jci.org Volume 128 Number 1 January 2018 diseases (18), it would be prudent to also consider the epigenomic regulation of these pathways when exploring opportunities for therapeutic intervention. The significance of chromatin modifications to the determination of the cellular phenotype is most easily appreciated during embryogenesis (35) or cancer development (36) , which are times of rapid cell proliferation and differentiation or dedifferentiation. In contrast, the notion that these processes also influence the maintenance of the quiescent phenotype of differentiated cells has only recently emerged. In 2010, investigators observed that deleting a component of the histone H3 lysine 4 methyltransferase complex from podocytes resulted in progressive proteinuria (37) . Since then, altered DNA methylation patterns (38) and posttranslational histone changes (38) (39) (40) in podocytes have each been shown to affect glomerular cell permselectivity. Here, we observed that either deletion of EZH2 specifically from podocytes or systemic inhibition of EZH2 activity diminished levels of the repressive H3K27me3 mark, provoked Notch pathway activation, and sensitized mice to glomerular disease. We found that H3K27me3 was enriched at the promoter region of the Notch ligand Jagged-1 and that the podocyte dedifferentiation that accompanied H3K27me3 diminution was Notch pathway dependent. The Notch pathway is a juxtacrine signaling cascade that is necessary for cell-fate determination during kidney development (28) . It is largely dormant in the further podocyte H3K27me3 loss ( Figure 7 , C and D) and albuminuria progression ( Figure 7E ). Similarly, we subjected mice to SNx surgery and, 6 weeks later, began treating the animals with GSK-J4 for an additional 4 weeks. Whereas glomerular Jagged-1 content and albuminuria were both increased in vehicle-treated SNx mice compared with sham-operated mice 10 weeks after surgery, these increases were abated with the delayed initiation of GSK-J4 treatment (Supplemental Figure 11 ).
Discussion
The strategies that the eukaryotic nucleus uses when regulating gene transcription extend well beyond the conventional cis/trans paradigm (34) . Deposition of the repressive H3K27me3 mark during embryogenesis, for instance, limits the expression of genes that were once important for passage through a particular developmental stage but that are no longer required by the differentiated adult cell (5) . Here, we discovered that loss of the H3K27me3 mark in quiescent adult glomerular podocytes initiates signaling through the developmentally critical Notch pathway and permits the occurrence of glomerular disease, whereas gain of H3K27me3 has the opposite effect. These actions are at least partly mediated by derepression or repression of the Notch ligand Jagged-1 ( Figure  8 ). Given the increasing importance being placed on the reactivation of developmental pathways in the pathogenesis of fibrotic The histone octamer is made up of 4 core histone proteins: H2A, H2B, H3, and H4. Lysine residue 27 (K27) on histone H3 can be mono-, di-, or trimethylated. H3K27 trimethylation is catalyzed by the histone methyltransferase EZH2, and it is demethylated by the lysine-specific demethylases Jmjd3 and UTX. EPZ-6438 is a small-molecule inhibitor of EZH2 and thus decreases H3K27me3 levels. GSK-J4 is a small-molecule inhibitor of Jmjd3 and UTX and increases H3K27me3 levels. In normal podocytes, H3K27me3 is enriched at the promoter of the gene encoding the Notch ligand Jagged-1, repressing its expression and restraining Notch pathway activity. In human podocytes, this occurs even in the absence of EZH2 expression and in the presence of Jmjd3 and UTX. In glomerular disease, H3K27me3 is lost (associated with upregulation of UTX in human podocytes), and this results in derepression of Jagged-1. Expression of Jagged-1 at the cell surface then initiates juxtacrine signaling by binding to Notch1, which leads to cleavage of Notch1 at the membrane and nuclear translocation of the cleavage product N1-ICD. N1-ICD, together with its binding partners, promotes the expression of Notch target genes, resulting in podocyte dedifferentiation and subsequent glomerular disease. jci.org Volume 128
Number 1 January 2018 chromatin remodeling (48) . However, the demethylating actions of UTX as a mediator of glomerular disease are collectively supported by the coincident loss of H3K27me3 in both human diabetic nephropathy and human FSGS and the attenuation of renal injury and podocyte dedifferentiation with GSK-J4 treatment in mice and cultured cells. Unlike humans, mice are generally considered to be relatively resistant to the development of advanced glomerular disease. This differential sensitivity has been attributed to differences in the species-specific transcriptome (49) . Here, the abundance of EZH2 protein in mouse podocytes in vivo and the absence of EZH2 from human podocytes in vivo indicate that differences also extend to the species-specific epigenome. Despite the absence of EZH2 and the persistence of Jmjd3 and UTX expression in adult human podocytes in vivo, and thus a catalytic nuclear environment that should favor demethylation, total podocyte nuclear H3K27me3 levels remained high. This finding is aligned with an earlier assertion that, in nonproliferating cells, persistent H3K27me3 expression could be a consequence of its inherent stability, its protection from demethylases by PRC1 and PRC2-EZH1-mediated chromatin compaction, and by the low-level H3K27 trimethylating activity of PRC2-EZH1 (50) . In human glomerular disease, however, the epigenetic landscape appears to shift. This manifests as a progressive loss of H3K27me3 and a sustained upregulation of UTX. It is unclear whether H3K27me3 loss in humans occurs as a consequence of chromatin-remodeling events that enable constitutively expressed Jmjd3 and UTX to erase previously concealed H3K27me3 mark(s) or whether coincident upregulation of UTX is a prerequisite. At least in cultured human podocytes, however, overexpression of UTX, without any external stimulus to precipitate chromatin remodeling, was sufficient to cause both loss of H3K27me3 and derepression of the H3K27me3-regulated Notch ligand JAG1. Correspondingly, in mice with established glomerular injury and diminished podocyte H3K27me3 content, analogous to the human disease setting, Jmjd3 and UTX inhibition abated further H3K27me3 loss and prevented nephropathy progression.
Although we focused on the epigenetic regulation of podocyte Jagged-1, we recognized that JAG1 was unlikely to be the sole gene involved in podocyte dedifferentiation that is affected by H3K27me3 loss. In a leukemic cell line, for example, GSK-J4 treatment was accompanied by downregulation in 486 transcripts, among them Notch1 (47) . In other cell types, H3K27me3 may have different roles in regulating Notch pathway activity. For instance, in adult cardiomyocytes, H3K27me3 can be found at the promoter regions of several silenced genes belonging to the Notch pathway, including Hes1, Hey1, and Notch1 itself (51) . In contrast, in effector T cells, EZH2 aids Notch pathway activation by repressing the expression of the Notch repressors Numb and Fbxw7 (52) . In a focused search for other known mediators of glomerular disease that may be influenced by shifts in podocyte H3K27me3 levels, we performed a PCR array for Notch pathway-related genes in human podocytes. This array not only identified both JAG1 and the Notch target gene HES1 as being upregulated by TGF-β1 in a manner that was negated by Jmjd3 and UTX inhibition, but it also identified the Wnt pathway member WNT11. Like Notch, the Wnt pathway is a developmentally essential signaling cascade that has been implicated in podocyte dedifferentiation (53) . Wnt11 is a noncanonical normal adult human glomerulus (24, 29) . However, in the context of glomerular diseases, including FSGS and diabetic nephropathy, it can become reactivated, promoting podocyte dedifferentiation and accelerating glomerular damage (24, 25, 29) . During development, chromatin remodeling provides an important means by which a cell can set, coordinate, and integrate Notch-dependent processes (41) . The findings of the present study indicate that chromatin remodeling events are similarly involved in the reactivation of developmental processes during the occurrence of glomerular disease. The mechanisms by which podocyte dedifferentiation causes glomerular disease remain a subject of debate. Whereas others have reported that Notch pathway reactivation is accompanied by podocyte apoptosis (24) , here, we did not observe apoptosis specifically within podocytes at the time points measured. We cannot, however, exclude the relative contributions of podocyte detachment or podocyte dysfunction to the glomerular injury that accompanied podocyte dedifferentiation in the present study.
To explore the effects of increasing podocyte H3K27me3 content, we took advantage of a recently developed small-molecule inhibitor, GSK-J4, the cell-penetrating ethyl ester derivative of the Jmjd3 and UTX inhibitor GSK-J1 (30) . The inhibitor acts by chelating the Fe(II) active site and by binding of a propanoic acid side-chain to the 2-oxoglutarate binding site of Jmjd3 and UTX (42) . In vitro, we observed that GSK-J4 increased podocyte H3K27me3 content, repressed Jag1 expression, and prevented TGF-β1-induced podocyte dedifferentiation. In vivo, we observed that GSK-J4 attenuated the development of glomerular disease induced by adriamycin, renal mass ablation, or diabetes and was accompanied by Jag1 repression and preservation of podocyte differentiation. In diabetic mice, we also detected subtle and variable shifts in dysglycemia with GSK-J4 treatment, including a marginal decrease in blood glucose but an increase in glycated hemoglobin levels. Although the metabolic effects of Jmjd3 and UTX are mostly unknown, UTX upregulation was recently shown to promote the browning of adipose tissue (43) , and thus its inhibition could theoretically impair energy expenditure.
Consistent with a role for H3K27me3 loss in the development of glomerular disease, we observed a diminution in the histone mark in podocytes from mice as soon as 4 days after injection with adriamycin and in podocytes from humans with either diabetic nephropathy or FSGS. In humans with diabetic nephropathy, this coincided with upregulation in the expression of the demethylase UTX, whereas Jmjd3 levels were unaltered. This is interesting, because previous studies have suggested that Jmjd3 expression can be induced by stimuli such as hypoxia and inflammation, which are common features of CKD (9, 44) . Moreover, although UTX is considered to escape X chromosome inactivation (45), we did not detect a difference in podocyte UTX levels between male and female patients. This observation is consistent with an earlier report that UTX expression from the inactive X chromosome is significantly lower than it is from the active X chromosome (46) . Although UTX and Jmjd3 are similar in their JmjC catalytic domains, they are also structurally distinct. For instance, UTX possesses 6 protein interaction-mediating tetratricopeptide repeat domains, and Jmjd3 does not (13) . Accordingly, the demethylases can have both overlapping and unique chromatin targets (11, 47), and they may also both have demethylase-independent roles in jci.org Volume 128 Number 1 January 2018
ing regimen for GSK-J4 was well tolerated by mice and accompanied by a significant increase in renal H3K27me3 levels ( Figure 3G ). In the late-intervention study, male BALB/c mice received a tail-vein injection of adriamycin (10 mg/kg) or PBS as described above. Four days later, mice were stratified by albuminuria level to receive GSK-J4 (10 mg/ kg) or vehicle by i.p. injection on days 4, 7, and 11 (total of 3 injections). SNx studies. Eight-week-old EZH2 Ctrl and EZH2 podKO mice underwent SNx (or sham surgery) using a surgical technique we have previously applied in rats (62) . Briefly, under isoflurane anesthesia, the right kidney was removed by subcapsular nephrectomy, and 2 of the 3 or 4 branches of the left renal artery were selectively ligated. The sham surgery entailed laparotomy, manipulation of both kidneys, and wound closure. The sham-and SNx-operated EZH2 Ctrl and EZH2 podKO mice were followed for 6 weeks. In separate studies, 8-week-old male C57BL/6 mice (The Jackson Laboratory) underwent sham or SNx surgery, as described, and were followed for 6 weeks before randomization to receive either GSK-J4 (10 mg/kg by thrice-weekly i.p. injections) in 0.1% DMSO in PBS or 0.1% DMSO in PBS alone for an additional 4 weeks. Diabetic mouse studies. Eight-week-old male db/m and db/db mice on a BKS background (The Jackson Laboratory) were randomly allocated to receive either GSK-J4 (10 mg/kg by thrice-weekly i.p. injections) in 0.1% DMSO in PBS or 0.1% DMSO in PBS alone and were followed for 10 weeks.
Urine albumin excretion was determined by ELISA (Assaypro) for the EZH2 podKO and BALB/c mouse studies and Albuwell M ELISA (Exocell) for the db/db mouse study after individually housing the mice in metabolic cages for 24 hours. Urine creatinine was determined with a Creatinine Companion Kit (Exocell). Blood glucose levels were determined using a OneTouch UltraMini meter (LifeScan Canada Ltd.; Burnaby, British Columbia, Canada). Hemoglobin A1c (HbA 1c ) was determined using A1CNow Plus (Roxon Meditech Ltd.).
Human tissue studies
Archival formalin-fixed, paraffin-embedded kidney tissue from 12 patients with diabetic nephropathy and 12 individuals without diabetes, matched for age and sex, was examined. The tissue had been obtained at the time of nephrectomy for conventional renal carcinoma, with kidney tissue examined from regions of the kidney unaffected by tumor. Archival formalin-fixed, paraffin-embedded kidney tissue from 10 patients with FSGS obtained at the time of diagnostic biopsy was also examined and compared with archival tissue from 9 living kidney donors that was obtained before implantation. None of the patients with FSGS had concomitant diabetes mellitus. Sufficient tissue was available to enable the study of H3K27me3 levels in each kidney section, Jmjd3 levels in 6 kidney sections per group, and UTX levels in 5 kidney sections per group for the diabetic nephropathy study and in 8 kidney sections per group for the FSGS study. EZH2 immunostaining was assessed in a total of 11 control samples, 6 kidney sections from individuals with diabetic nephropathy, and 5 kidney sections from individuals with FSGS.
Tissue immunofluorescence microscopy
Mouse kidney sections. Immunofluorescence microscopy was performed on formalin-fixed, paraffin-embedded mouse kidney sections with the following antibodies: H3K27me3 rabbit monoclonal antibody, 1:200 (9733S; Cell Signaling Technology); EZH2 rabbit monoWnt protein that is known to crosstalk with the Notch signaling pathway (54) and that is expressed in the kidney at the tips of the ureteric buds during development (55) . Its activation by TGF-β promotes mesenchymal gene expression by tubule epithelial cells (56) , although the specific actions of Wnt11 in adult podocytes are largely yet to be defined. The repression of WNT11 by Jmjd3 and UTX inhibition, directly or indirectly, raises the prospect that shifts in H3K27me3 have broader effects on developmental pathway reactivation that extend beyond those of the Notch pathway alone. Nonetheless, the partial reversal of the effects of inhibition of both Jmjd3 and UTX by Jagged-1 overexpression in vitro indicates that the association between H3K27me3 loss and podocyte dedifferentiation, in the present study, is at least partially mediated by derepression of Jagged-1. In summary, the H3K27me3 mark can be dynamically regulated either pharmacologically or by disease processes in adult differentiated, quiescent cells. In the adult glomerulus, loss of H3K27me3 promotes the dedifferentiation of postmitotic podocytes and accelerates glomerular disease, whereas gain of H3K27me3 has the opposite effect. These actions involve the derepression or repression of the Notch ligand Jagged-1. Changes in histone patterning play a fundamental role in the development of glomerular disease, and inhibition of lysine-specific demethylases may favorably improve histone patterning during the progression of glomerular disease. Transmission electron microscopy Transmission electron microscopy was performed on kidney cortical tissue (Philips CM100; Electron Microscopy Research Services, Newcastle University). Images of the entire glomerular profile were taken through 3 randomly selected glomeruli from 4 mice per group. Foot process width was measured in a masked manner in approximately 10 micrographs (original magnification, ×5,800) from each glomerular profile using ImageJ software. Podocyte density was determined using the method of Weibel and Gomez (67) in glomeruli from 4 mice per group. Evidence of apoptosis (crescentic pooling of nuclear chromatin) was sought in an average of 10 podocyte nuclei per glomerulus and in 3 glomeruli from 4 mice per group.
Methods

Animal studies
Mesangial matrix index
The magnitude of mesangial matrix accumulation was estimated using a semiquantitative scoring system on approximately 50 glomeruli in periodic acid-Schiff-stained (PAS-stained) kidney sections from 3 to 8 mice per group for adriamycin-and vehicle-treated mice and 9 to 12 mice per group for db/db and db/m mice, as previously described and by investigators blinded to the study groups (68) .
IHC IHC for α-SMA (1:200; Abcam) was performed on 4-μm-thick formalinfixed, paraffin-embedded kidney sections (n = 3-9/group for adriamycin-and vehicle-treated mice and n = 9-12/group for db/db and db/m mice). Glomerular immunostaining was quantified in a masked manner using ImageScope 11.1 software (Leica Microsystems) in approximately 30 glomeruli per kidney section. Data are expressed as the percentage change compared with the control. IHC for WT1 (1:900; Santa Cruz Biotechnology) was performed on 4-μm-thick formalin-fixed, paraffin-embedded kidney sections (n = 4-9/group for adriamycin-and vehicle-treated mice and n = 9-12/group for db/ db and db/m mice). Glomerular WT1 was determined by counting positively immunostained nuclei in 30 glomerular profiles (at the hilar level) in each kidney section. TUNEL staining was performed by the members of the Pathology Research Program at Toronto General Hospital (Toronto, Ontario, Canada). Glomerular TUNEL-positive nuclei were counted in an average of approximately 100 glomeruli per kidney section in 3 to 7 mice per group for adriamycin-and vehicletreated mice and 9 to 12 mice per group for db/m and db/db mice. Slides were visualized on a Zeiss LSM 700 confocal microscope (Carl Zeiss Canada). All mice glomeruli were studied at ×630 original magnification, and all human glomeruli were studied at ×200 original magnification. For Jagged-1 and nephrin analysis in mouse tissue, the mean fluorescence intensity (MFI) was determined in 6 glomeruli from 5 to 6 mice per group using Fiji (63) and is represented as the percentage of change relative to the control. For determination of podocyte nuclear H3K27me3, UTX, and Jmjd3 levels in kidney tissue, podocyte nuclei were recognized by nephrin expression within the cell body (red for H3K27me3 analysis in humans; green for Jmjd3 and UTX analysis in humans and EZH2 analysis in mice). The cell nucleus was outlined using the free-hand tool in ImageJ software (NIH) (64) , and the MFI was determined in approximately 10 podocytes per glomerulus in humans (4-14 podocytes per glomerulus in mice) and in an average of 6 glomeruli per case. All histological analyses were performed by investigators blinded to the study groups. Data are represented as the percentage of change relative to the control.
Primary culture of podocytes
For primary podocyte cultures, mouse glomeruli were first isolated with Dynabeads (Thermo Fisher Scientific). Under isoflurane anesthesia, the abdominal aorta was cannulated with a 24-gauge angiocath, and the mouse was perfused with 1 × 10 5 Dynabeads in 5 ml HBSS (Thermo Fisher Scientific). Podocytes were isolated using previously reported methods (57, 65, 66) . In brief, glomeruli were seeded on collagen I-coated plates in a 1:1 mixture of F-12 Kaighn's Modification Media (HyClone Laboratories) with media harvested from NIH/3T3 cells (ATCC), and cell cultures were maintained for approximately 4 to 6 days. jci.org Volume 128 Number 1 January 2018
cross-linking and sonication, sheared chromatin was immunoprecipitated with an antibody directed against H3K27me3 at a concentration of 1:50 (Cell Signaling Technology) or an equal concentration of normal rabbit IgG (Santa Cruz Biotechnology). Samples were then washed, reverse cross-linked, and proteinase K treated to obtain purified DNA fragments. RT-qPCR was performed using primers specific for a sequence of the mouse Jag1 promoter (Supplemental Table 4 ).
Statistics
Data are expressed as the mean ± SEM. Statistical significance was determined by 1-way ANOVA with a Fisher's least significant difference (LSD) post-hoc test for comparisons of multiple groups and a 2-tailed Student's t test for comparisons between 2 groups (or a KruskalWallis or Mann-Whitney U test for nonparametric data). Statistical analyses were performed using GraphPad Prism 6 for Mac OS X (GraphPad Software). A P value of less than 0.05 was considered statistically significant. Conditionally immortalized human podocytes. Immortalized human podocytes were provided by Moin A. Saleem (University of Bristol, Bristol, United Kingdom) and cultured and differentiated as previously described (33) . Human WT pCMV-HA-UTX was a gift of Kristian Helin (Biotech Research and Innovation Centre, University of Copenhagen, Copenhagen, Denmark) (plasmid 24168; Addgene). For UTX overexpression, cells were transfected with 500 ng/ml pCMV-HA-UTX for 48 hours. For Jagged-1 overexpression, cells were transfected overnight with 500 ng/ml human WT Jagged-1 inserted into a pCMV3-C-FLAG vector (Sino Biological). Cells were then incubated with GSK-J4 (5 μM) for 30 minutes before the addition of recombinant human TGF-β1 (10 ng/ml) for an additional 48 hours. The RT 2 Profiler PCR Array (PAHS-059Z; QIAGEN) was used to identify Notch pathway-related genes that were altered in human podocytes by TGF-β1 (10 ng/ml for 48 hours) and affected by GSK-J4 (5 μM, administered 30 minutes before the addition of TGF-β1). Analysis of transcriptome profiles was performed using RT 2 Profiler PCR Array Data Analysis, version 3.5 (QIAGEN). Values were normalized to the geometric mean of GAPDH and RPLP0.
Study approval
RT-qPCR RNA isolation from cell extracts was performed using TRIzol Reagent (Life Technologies, Thermo Fisher Scientific). cDNA was reverse transcribed from 2 μg total RNA using a cDNA High Capacity Reverse Transcription Kit (Thermo Fisher Scientific). Primer sequences (Supplemental Table 4 ) were designed and validated using Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and synthesized by Integrated DNA Technologies. RT-qPCR was performed using SYBR Green on a ViiA7 Real-Time PCR System (Thermo Fisher Scientific).
Experiments were performed at least in triplicate, and data analyses were performed using the Applied Biosystems Comparative C T Method.
ChIP
The ChIP assay was performed using an EZ-Magna ChIP A Chromatin Immunoprecipitation Kit (MilliporeSigma). Briefly, after
